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Chapter 4

Modulation Schemes and Connectivity in
Wireless Underground Channel

Abstract In this chapter, a through treatment of the modulation schemes for
UG Wireless is presented. The effects of soil texture and water content on the
capacity of multi-carrier modulation in WUC are discussed. The multi-carrier
capacity model results are analyzed. Moreover, the underground MIMO design
for underground communications is explained thoroughly. An analysis of medium
access in wireless underground is done as well. Furthermore, the soil properties
are considered for cross-layer communications of UG wireless. The performance
analysis of traditional modulation schemes is also considered. The soil moisture based
modulation approach is also explored in this chapter. The connectivity and diversity
reception approaches are discussed for wireless underground communications. The
connectivity and interference models are studied for Ad-Hoc and Hybrid Networks.
The topology control mechanisms for maintaining network connectivity and explored
for maximizing network capacity under the physical models (e.g., the protocol
interference model and physical interference model). Moreover, the underground
diversity is examined for 3W-Rake receiver and coherent detection along with
experimental evaluation and comprehensive analysis of performance of equalization
techniques.

4.1 Introduction
Wireless underground communications are implemented with heterogeneous set
of communication devices [87], i.e., various UG sensor nodes for sensing and
different AG nodes for supporting and maintaining infrastructure [33, 41]. In WUC
communication range depends on the locations of nodes with respect to the ground
surface. Hence, deployment depth should also be considered for deployment analysis
in WUSNs [38, 39]. In the following section, we present an in-depth analysis of the
underground modulation schemes, deployment, and connectivity.
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4.2 Multi-Carrier Modulation: Subcarriers in UG Channel
High data rate is one of the important requirement of IOUT. Data rate is highly
dependent on IOUT communication channel , however, IOUT channel characteristics
are not modeled. Therefore, extensive experimentation is required to characterize
IOUT wireless channel. Soil properties (moisture, and type) and antenna properties
(burial depth and distance) impacts capacity of communication channel. Therefore,
there is a need to develop a theoretical model to estimate the channel capacity of
IOUT channel considering all these factors [47, 51].

4.2.1 Capacity Model
The channel capacity depends upon the bandwidth and change in transfer function
with the change in bandwidth [50]. Therefore, two properties of UG channel are
considered for channel capacity model: 1) bandwidth of the sender and receiver
antenna, and 2) channel transfer function. Bandwidth is determined from return loss
of an antenna. Return loss occurs due to impedance mismatch which and can be
calculated as:
- Zs + Za -,
RL dB = 20 log10 -(4.1)
Zs ≠ Za -

where Zs represents the transmission line and Za represent impedance of antenna.

Fig. 4.2(a) plots return loss of antenna at zero (0) soil matric potential. Bandwidth
is calculated using a threshold value ” for antenna return loss. Generally, a value
of ≠10 dB is used for ” in existing literature [4, 27]. It is assumed that the receiver
and sender will have same return loss. The reason for this assumption is that short
distance and spatial homogeneity of soil reduces the probability of difference in
resonant frequency and return loss of antennas at sender and receiver. Bandwidth
of an antenna is maximum at its resonant frequency, therefore, second assumption
is that the system is operating at resonant frequency to maximize the bandwidth
[10, 30]. Bandwidth of an underground system with the antenna operating at resonant
frequency is given as:
Y
_0
if ≠ R(f ) > ”,
]
(4.2)
Bs = 2(f ≠ fm ) if ≠ R(f ) Æ ” and f < fr ,
_
[
2(fM ≠ f ) if ≠ R(f ) Æ ” and f Ø fr ,

where fr is the resonant frequency, fm is lowest and fM is the highest frequency at
which R(f ) Æ ”.
The total number of sub-carriers are calculated in a multi-carrier modulation. Here,
a total number of sub-carriers are deﬁned as the least number required to prevent
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inter-symbol interference (ISI) due to on Bs (system bandwidth). The total number
of sub-carriers are given as:
9
:
Bs
Nc =
.
(4.3)
Bcb

where Bcb is the channel coherence bandwidth.
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Fig. 4.2: (a) Antenna Return Loss at 0 CB [47], (b) Channel transfer function [47],
(c) Approximating Channel Transfer Function at the distance and depth of 50 cm and
20 cm, respectively [47]
The spectral e"ciency of m-ary quadrature amplitude modulation (MQAM) is
high. Therefore, MAQM is considered as a modulation method for each sub-carrier
[27, 39]. Total bit rate of the UG channel is calculated as:
Rug =

Nc
ÿ
i=1

ri Bcb ,

(4.4)

where Nc is the total number of sub-carriers in a multi-carrier transmission system,
Bcb is the bandwidth of an individual sub-carrier, and ri is the bits per symbol for
each carrier.
At high signal-to-noise ratio (SNR), the symbol-error probability, Psc , for each of
the i-th carrier is calculated as:
AÛ
B
3En
Psci = Kri Q
,
(4.5)
( Mi ≠ 1 ) N 0
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The value of a constant Kri is dependent upon the total bits per symbol. Its value
lies in the range of 2 Æ Kri < 4.
Nc
ÿ
i=1

“i · P = P ,

“i > 0.

(4.6)

Power allocation among sub-carriers can be optimized based on target probability
ú > P ,’i, and a constant power constraint
of symbol error for each sub-carrier, Psc
sci
P . It also maximizes the bit rater of UG channel, Rug .
Fig. 4.2(b) plots the empirical channel transfer function for sandy soil at a distance
of 50 cm and 1 m. For the individual lower bandwidths, Bcb , staircase function gives
close approximation of channel transfer function | H (f ) |2 . Therefore, the transfer
2
function is approximated using a staircase function, | H (ˆf ) | . Fig. 4.2(c) shows the
staircase approximation of channel transfer function in sandy soil at 20 cm depth and
50 cm T-R distance. The total bit rate of UG channel is given as summation of all
sub-carriers [22]:
Y
Z
3“i P
_
_
_
_
N
c
]
ÿ
(N0 Bcb ) | Hi (f ) |2 ^
,
(4.7)
Rug =
Bcb log2 1 + Ë
Ó ú ÔÈ2
_
_
_
_
i=1
Q≠1 Psc
[
\
Kri

where Nc is from equation 4.3, P is transmit power constraint and “’s are given such
that:
Rug is maximized by optimized power distribution among sub-carriers. This
optimization problem [32, 33, 48, 85] is solved similar to as water ﬁlling problem of
[8, 10, 46] was solved. Langrangian multiplier is used to obtain the optimized power
allocation, “iú , leading to water ﬁlling allocation as [10, 33]:
I
⁄ ≠ K |H 1(f ) |2 ) if “i > 0,
0
i
(4.8)
“iú =
0
otherwise,
q c ú
≠1
2
where N
i=1 “i = 1, and K0 = 3P / (N0 / [Q [.]] ). An updated maximum bit
max
rate, Rug is calculated by jointly solving equation 4.6 and equation 4.8 [22, 28].
max is given as:
Rug
max
=
Rug

Nc
ÿ
i=1

)
*
Bcb · log2 ⁄K0 | Hi (f ) |2 ,

(4.9)

This rate is a high-SNR optimal because it is for the cases having high-SNR.
Another sub-optimal solutions for an equal power allocation to sub-carriers has
capacity close to that of an optimal solution [9, 26, 32, 35]. Rug for equal power
allocation is calculated as:
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eq
Rug

Y
Z
3P /Nc
_
_
_
_
]
(N0 Bcb ) | Hi (f ) |2 ^
=
Bcb log2 1 + Ë
,
Ó ú ÔÈ2
_
_
Psc
_
_
i=1
Q≠1 K
[
\
ri
Nc
ÿ

(4.10)

4.2.2 Results and Discussion
Effect of Soil Texture
Figs.4.3 plots the multi-carrier capacity of UG channel. Three different types of soil
(silty loam, silty clay loam and sandy) are used for the experiments at the distances
of 50 cm (Fig. 4.3(a)) and 1 m (Fig. 4.3(b)). The effect of soil type was measured on
capacity and system bandwidth. The system bandwidth was calculated as 20 MHz.
Sandy soil had the highest capacity at both distances of 50 cm (30 % higher) and 1 cm
(39 % higher). This is because attenuation of EM waves in soil is dependent upon the
water holding capacity of a soil and sandy soil has lowest water holding capacity as
compared to silty loam and silty clay loam. Therefore, soil with lower clay content
(sandy soil) experiences minimum attenuation. Channel capacity decreases for each
type with increase in distance. For sandy soil it went from 233 Mbps to 180 Mbps,
195 Mbps to 137 Mbps for silty clay loam soil, and 178 Mbps to 129 Mbps for silty
loam soil. This is because of EM signals attenuates with the increase in distance [29].
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Fig. 4.3: Channel Capacity for 200 MHz bandwidth and 20 cm depth, at distance of
[47]: (a) 50 cm, total number of sub-carriers are 25 (sandy), 25 (silty clay loam), and
24 (silt loam), (b) 1 cm, total number of sub-carriers are 27 (sandy), 21 (silty clay
loam), and 25 (silt loam)
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4.2.2.1 Effect of Soil Moisture
Figs. 4.4 plots the effect of soil moisture on various parameters of multi-carrier
capacity of UG channel. Fig. 4.4(a) shows antenna bandwidth against soil moisture
in a silt loam soil. Antenna bandwidth increases upto 80 % (i.e., from 20 MHz
to 36 MHz) with the decrease in soil moisture. Fig. 4.4(b) shows the coherence
bandwidth & number of sub-carriers plotted against soil moisture in a silt loam soil.
The coherence bandwidth decreases upto 69 % (i.e., from 55 kHz to 17 kHz) and
number of sub-carriers increased by 175 % (i.e., from 20 to 55) as the soil moisture
decreases. The impact on sub-carrier can be minimized by adjusting sub-carrier
bandwidth [24].
Figs. 4.4(c) and 4.4(d) shows the maximum bit rate from equation 4.9, with soil
moisture in silt loam and sandy soil, respectively. For both soils, with increasing
value of (P/N0 W), the bit rate increases with decrease in soil moisture, e.g., for
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Fig. 4.4: Soil moisture impact in silt loam soil [47]: (a) System bandwidth, (b) Number
of sub-carriers, (c) Data rate, (d) Channel capacity depth and distance of 20 cm and
50 cm, respectively, in sandy soil
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Fig. 4.5: Effect of distance on [47]: (a) Underground channel capacity , (b) Number
of sub-carriers (Nc )
(P/N0 W) = 18 dB, rate increases from 39 Mbps to 194 Mbps, and for and (P/N0 W)
= 25 dB it goes from 127 Mbps to 362 Mbps. Similarly for sandy soil, data rate is
increased from 126 Mbps to 213 Mbps. EM waves are absorbed by soil water content
causing more attenuation. Change in soil moisture changes soil permittivity resulting
in ﬂuctuating wavelength which further attenuates the signal. Therefore, decrease in
soil moisture lowers signal attenuation, increasing data rate[32].
4.2.2.2 Effect of Distance
Experiments were conducted in an outdoor testbed to study the effect of distance
on the channel capacity. Silty clay loam soil and burial depth of 20 cm are used
for experiment. Fig. 4.5(b) shows the number of sub-carriers against distance. It
shows that for 20 MHz antenna bandwidth, the coherence bandwidth decreases from
678 kHz to 411 kHz with decrease in distance. This is because RMS varies with
change in distance. Fig. 4.5(b) plots T-R distance with channel capacity [41, 44]. It can
be seen that a bit rate of 80 Mbps can be achieved at distance up to 12 m. Underground
communication is carried out by three component waves: direct, reﬂected and lateral.
As the distance is increased, direct and reﬂected component fades and the only
signiﬁcant component of the received signal is lateral wave. As the distance is
increased further, lateral waves also attenuates, hence, decreasing the data rate.

4.3 Digital Modulation: Wireless UG Receiver Design Based on
Diversity
The delay spread of underground channel has adverse effect on the performance of
the channel. It results in frequency selective fading [28, 147]. Frequency selective
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Fig. 4.6: Different communication links of WUSNs [57]
fading limits the data rate of the channel and induces an irreducible bit error rates
(BER). Therefore, impact of delay spread and resulting frequency selective fading
on UG channel is an important issue to investigate [26, 53, 62, 147]. An ideal
UG channel must dynamically adapt to soil parameters while achieving high data
rate and low BER. To that end channel capacity has already been investigate in
[10, 33, 35], however, impact of digital modulation techniques on UG channels is
still not investigated. Therefore, this section explain these effects using the impulse
response of UG channel.

4.3.1 Diversity Model
This section develops a model which uses channel impulse response to analyze the
impact of RMS delay on conventional modulation techniques, i.e., pulse-amplitude
modulation (PAM), differential phase shift keying (DPSK), quadrature phase shift
keying (QPSK), Gaussian minimum-shift keying (GMSK), and m-ary quadrature
amplitude modulation (MQAM). The aim is to optimize the IOUT design parameters,
i.e., modulation techniques and BER.
The EM-based communication in IOUT consist of three components (see Fig. 4.6:
direct, reﬂected and lateral, out of which lateral wave is the strongest. The impulse
response of UG channel is expressed as sum of all these components [41, 147]:

hug (t) =

L
≠1
ÿ
l =0

–l ” (t ≠ ·l ) +

D
≠1
ÿ
d=0

–d ” (t ≠ ·d ) +

R
≠1
ÿ
r =0

–r ” (t ≠ ·r ),

(4.11)

where L, D, and R are number of multiple paths; –l , –d , and –r , are complex
gains; and ·l , ·d , ·r are delays for lateral, direct and reﬂected wave component. These
measurements were taken in indoor and outdoor testbeds. The experiment setup
details are given in [37, 40, 147].
The output waveform of the received signal is given by the convolution of the
baseband input to UG channel, u(t) and channel impulse response, hug as follow:
z (t) = u(t) ú hug ,

Using equation 4.11, the waveform can expressed as follow:

(4.12)
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z (t) =

L
≠1
ÿ
l =0

–l u(t ≠ ·l ) +

D
≠1
ÿ
d=0

–d u(t ≠ ·d ) +

R
≠1
ÿ
r =0

–r u(t ≠ ·r ),

(4.13)

The delay spread of the UG channel, ·d is normalized using sample period T and
RMS delay spread ·rms as follow:
·rms
,
(4.14)
T
Bandwidth is calculated as B = 1/T . The input signal, u(t) is convolved with
signaling waveform u(t) for all modulation schemes. For signaling, raised cosine
pulses and rectangular waveform were used. The advantage of raised cosine waveform
is that raised cosine ﬁlter reduces the ISI and can be realized through raised cosine
spectrum with — as a roll-off factor. BER performance is calculated at receiver
[38, 42].
The impulse response hug has been calculated from PDPs measured using different
soil parameters (moisture level, depths and distances).
UG 3W-Rake Receiver The purpose of designing UG 3W-Rake Receiver is to
minimize the multipath fading in the system, however, it is done without considering
spatial diversity. The approach is based on RAKE [29, 43] and resolve the fading of
three components of waves, namely, direct, reﬂected and lateral. It exploits the high
diversity of all three components. UG 3W-RAKE has a branch for each component
which correlates the corresponding component of the received signal, thus, separating
all components.
Signal-to-Noise ratio of an underground received signal is random. This is because
of multipath fading happening in underground. Therefore, error probability of Additive
White Gaussian Noise (AWGN) is averaged over the probability density function
(pdf) of the SNR“b . Average BER probability, Pb (“¯ b)
⁄ Œ
Pb (“¯ ) =
Pe|“b p(“b )d“b
(4.15)
·d =

0

where “¯ b is average SNR/bit, p(“b ) is pdf of SNR,and Pe|“b is conditional AWGN
error probability. There is no close form solution available for the pdf of “b , therefore,
p(“b ) is measured from UG channel response experiments [147]. It is done, for each
measured response, by averaging Pe|“b over instantaneous SNR. As UG 3W-Rake
is for the processing of multi-paths in all three components of wave, the SNR per
received bit “b is calculated as:
“b =

L
≠1
ÿ
l =0

“l +

D
≠1
ÿ
d=0

“d +

R
≠1
ÿ

“r ,

Equation 4.16 can be rewritten as:
CL≠1
D
D
≠1
R
≠1
ÿ
ÿ
Eb ÿ
2
2
2
“b =
| “l | +
| “d | +
| “r | ,
N0
l =0

d=0

(4.16)

r =0

r =0

(4.17)
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Eb
where N
is the ratio of energy per bit to noise power spectral density (PSD) and
0
calculated as:

Eb
Pt T
=
N0 P L
N0

(4.18)

where Pt is the power transmitted, N0 is the noise density, T is the sample period
and P L is path loss.
This process is used to approximate a discrete p(“ ). After the calculation of p(“ ),
average bit rate probability, Pb (“¯ ), is calculated using equation 4.15.
LDR Receiver Design This section discusses the development procedure
of a novel LDR reception technique.considering different parameters of UG
communication such as delay spreads, angular angle and travel path. It shows
signiﬁcant increase in performance as compared to existing techniques. The key
characteristics of the technique are: elimination of multi-path fading and elimination
of inter-symbol-interference between three components (lateral, direct and reﬂected)
of waves.
LDR Antenna Orientation: Both, transmitter and receiver, are buried in
considered IOUT system. Transmitter is equipped with single antenna and receiver
is equipped with three antennas, one for each wave component [34]. For diversity
reception of the UG channel, LDR antenna orientation is shown in Fig. 4.7. To receive
direct wave (D-wave), corresponding receiving antenna is aligned at 90° from x-axis.
To receive reﬂected wave (R-wave) , corresponding receiving antenna is aligned at
the connecting line of x-axis and z-axis with center at 45° from x-axis. To receive
Lateral wave (L-wave), corresponding receiving antenna is aligned at 0° from x-axis.
Same depth is assumed for transmitter and receiver antenna along the x-axis to avoid
variations in axis of the receiver [36].
LDR System Model: For the antenna orientation in Fig. 4.7, received signal is
calculated as:
z = hug u + n

(4.19)
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where z is a 3 ◊ 1 vector for received output, u is the transmitter’s data symbol, hug
is the vector for channel impulse response for wave components (L-, D-, R-wave
channel response) and n is the 3 ◊ 1 vector for noise. Channel response of each
wave component can be separated as hd for direct, hr for reﬂected, andhl for lateral.
Instantaneous SNR for each receiving antenna is deﬁned as:
“i =

Eb | hi |2
,
N0

(4.20)

where i = L, D, andR components.
Optimum Maximum Ratio Combining (MRC-LDR): SNR can be determined
by using maximum ratio combining (MRC) [29, 39, 44]. This SNR is increase three
times from the SNR of a single antenna matched ﬁlter UG receiver:
“=

3
ÿ
i=1

wi

Eb | hi |2
,
N0

(4.21)

where wi is the combining weight. Although, MRC-LDR achieves the maximum
gain, however, interference due to reﬂected component is still present. The suppression
of this interference is discussed in the next section.
Adaptive Combining (AC-LDR): Among the three components of the signal
wave, one of either D-wave or L-wave is dominant at receiver end [51]. This dominance
rely on the proximity of LDR receiver. AC-LDR use this fact to, dynamically, switch
and adapt strongest of the two components (L and D). R-component is not considered
because of being the weakest among all and may cause the performance to degrade
as:
I E |h |2
b L
, if | hL |2 > | hD |2 ,
0
(4.22)
“= EN
2
b |hD |
N0 , otherwise.
AC-LDR differs from MRC-LDR in that it removes interference while achieving
channel gain. For both LDR approaches, the average BER, Pb (“¯b ), is calculated as
[29, 51]:
⁄ Œ
Pb (“¯ ) =
Pe|“b p(“b ) d“b ,
(4.23)
0

4.3.2 Performance Analysis
Power delay proﬁle of multi-path UG channel is dependent upon the depth and
moisture of the soil, and depths and distance of the UG antennas (transmitting and
receiving). The UG channel is simulated by with the range of 0.4-0.002 for ·d .
1. Coherent Detection: This section analyze the performance of modulation
techniques, namely, QAM, PSK, PAM, and MSK. The parameter used for the
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Fig. 4.8: (a) QPSK eye patterns, (b) QPSK constellation diagram, and (c) Experiment
setup for estimating BER [64]
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experiments are: soil type is silty clay loam, soil moisture is 0 CB and ·rms
is 25ns, distance between transmitter and receiver antenna is 50cm, and burial
depth of antenna is 20cm. Very high error rates (< 10≠1 ) were observed for all
modulation techniques. This is because of the effect of multipath fading in UG
channel. The coherent modulation technique require the knowledge of exact state
of UG channel, however, higher delay spread makes it di"cult ot track reference
symbol for the channel. Moreover, it was observed that error rate is independent
of the sample time because it does not change for the ·d range of 0.002-0.4. Fig.
4.8(a) and 4.8(b) shows the plot of constellation and eye diagram, respectively, for
QPSK modulation. It can be seen from Fig. 4.8(a), that inter-symbol interference
and large delay spread between wave components causes severe detonation and
complete eye closure which consequently result in high error rate. Hence, digital
modulation in UG channel highly affected by multipath fading and does not
improve by increasing the power rate. The empirical validation of results is shown
in coming sections [24, 46].
2. Experimental Evaluation: Experimental setup for BER performance analysis
under UG channel is shown in Fig. 4.8(c). It consist of a: GNU Radio [30, 30],
Ettus N210 USRPs [31, 49], burial depth is 20cm, distance is 50cm and soil
is silty clay loam soil, moisture level is 50Cb, ·rms = 25.67ns [41, 147],
transmit power is 10dBm, range for operational frequency is 100 - 300 MHz and
normalized delay spread, ·d range from 0.005-0.43. The Amplitude-shift keying
(ASK) modulation technique is used for the experiment.
Experiments were conducted on software deﬁned radio (SDR). The results shows
very high bit rate further proving the vulnerability of UG channel to multipath
fading and delay spread. In over-the-air (OTA), this can be minimized by using
adaptive equalization.
3. Differential Detection: Differential quadrature phase shift keying (DQPSK)
and differential binary phase shift keying (DBPSK) were used with ·rms = 25ns
to analyze the performance of UG channel. Fig. 4.9(a) compares the BER
performance of DQPSK and DBPSK. It can be seen that with ·d values less
than 0.1, error rate reduces by 10≠ 3 which is signiﬁcant improvement over the
error rate of 10≠ 1 for coherent modulation schemes.The error rate increases with
increase in value of ·d , however, differential schemes are relatively performing
better [29, 52].
4. 3W-Rake Performance in UG Channel: This section analyze the performance
of 3W-Rake receiver. In order to achieve the target BER thresholds, SNR values
are analyzed under different modulation schemes. Different combination of soil
types, soil moisture levels, burial depth and distances between transmitter and
receiver were considered for the experiments. Fig. 4.9(b) plots the BER along
with changing depth in silt loam soil at distance of 50cm and 1m. It can be seen
that BER increases with the increase in burial depth, however, the increase is
relatively greater when the distance between the antennas is greater. Fig. 4.9(c)
plots the BER along with distances less than 1m in silty clay loam soil. It can be
observed that BER increases with the increase in distances because propagation
loss of all three components increases with the distance which causes attenuation
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leading to increase in BER. Similarly, Fig. 4.9(d) plots the BER along with soil
moisture range from 0-50 CB at teh distances of 50cm and 1m in silt loam soil.
The BER trend is similar for both distances values. It ﬁrst decreases for initial
values of soil moisture and start increasing afterwards. This because of water
repellency due to soil texture slowing down the water inﬁltration at high soil
moisture levels [25, 50, 52].
5. LDR Performance Analysis: Fig. 4.9(e) compares the performance of 3W-Rake
with MRC-LDR and AC-LDR.It can be observed that both LDRs are performing
better than 3W-Rake. There is signiﬁcant improvement for SNR > 13dB. It is
because LDR uses separate antenna for each wave component whereas 3W-Rake
degrades due to bottleneck while correlating the components.
6. LDR Implementation: AC-LDR uses zero-forcing (ZF) precoding for it
implementation. ZF precoding performs inversion of channel matrix for the
removal of unwanted components. Optimum MRC combining can be implemented
using extra digital signal processing (DSP) hardware and it can used as benchmark
to analyses the theoretical performance of UG channel. However, LDR is
considered more suitable to fulﬁll the high data rate and long-range of next
generation IOUT systems [72].

4.4 Soil Moisture-Based Modulation
In UG communications soil moisture information can be used to design a unique soil
moisture-based modulation scheme. The core idea is based on selecting a channel
state using the propagation environment in the vicinity of transmit antenna(s), which
in turn will change with soil moisture changes. This can be viewed as creating a
multitude of channel states, each corresponding to a different transmission path,
where the transmitter can select any of the channel states in each transmission.
In UG communication, these states are inherently available due to soil moisture
changes. This approach enables transmitter to use the information to be transmitted
as an index to select a particular channel state. Soil moisture modulation uses channel
state variations to embed information in transmission media. It is different from
conventional wireless communications where data is embedded into a radio frequency
prior to transmission.
Media based modulation (MBM) is a similar technique used in conventional
wireless systems. It randomize a wireless channel by perturbing the propagation
environment in the vicinity of transmit antennas resulting in change of overall
transmission path [23, 73]. In contrast to MBM, different channel states are inherently
available in UG communication due to the dependence of channel on soil moisture.
Soil moisture-based modulation will have M channel states created due to soil
moisture variations. A total of log2 (M) bits can be transmitted by selecting any one
of these states for transmission. In other words, the UG channel state depends on
soil moisture. By selecting the most suitable channel state based on soil moisture,
the transmitter not only maximizes the probability of communication success but
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also transmits the soil moisture information without incurring any additional cost.
Consequently, the soil moisture based modulation scheme allow resource-free
transmission of soil moisture data. Each channel state and gain will be different based
on the soil moisture variations, therefore, each state will have its own channel gain
which is likely to follow a complex Gaussian distribution.
The strategy investigates practical methods to independently identify the
transmission path for each soil moisture state. To convey a particular selection
to the receiver, transmitter will then send a signal through the selected channel state.

4.5 Spatial Modulation: Subsurface MIMO
Underground communication is challenging because of impact of soil texture and
water content. Range and energy of UG communication can be improved by using
phased-array antenna in UG radio wave propagation [25, 54]. The antenna array is
used to direct the wave power via Zenneck waves. This section explains the design of
UG phased-array of antennas for digital agriculture and develops the underground
(UG) multiple-input multiple-output(MIMO) using transmit and receive beamforming
in IOUT communication systems.
Underground nodes communicate with other UG nodes via UG2UG link and with
aboveground (AG) nodes via UG2AG link. Fig. 4.10 shows the overview of UG
MIMO communication system. An aboveground node can be a ﬁxed or mobile sink.
A mobile AG sink is attached to some moving infrastructure, e.g., tractors. Soil-air
interface has an impact on wave propagation to receiver nodes. For example, it is
refracted in AG communication and for UG communication lateral wave are used. Fig.
4.10 shows the beam patterns for UG and AG communication. In Fig. 4.10(b), the UG
propagation is effected due to soil-air interface affect, i.e., reﬂected and refracted EM
waves. These EM waves effect the beam pattern which is being propagated towards
AG node.
The main purpose of transmit beamforming [49, 63] is to focus energy towards
desired direction. The wave can reach receiver from any of three available paths
[37, 147] in UG soil medium. When UG receiver is getting the data only from the
desired path, UG MIMO channel act as a three-path interference channel, i.e., direct,
reﬂected and lateral. Therefore, capacity of MIMO channel and freedom degree is
required to be carefully modeled.
There are three components of EM wave propagating in the soil, i.e., direct,
lateral and reﬂected. UG receiver is required to cancel interference from all these
components. The UG MIMO focuses on arrival of the minimum interference signal
at the receiver end. It does so by removing the undesired interference that may arise
due to undesired components via receive beamforming. An underground MIMO
technique is developed using the transmit and receive beamforming which is aware
of the UG environment. Accordingly, experiments are performed to test UG MIMO
techniques [50, 71].
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4.5.1 UG MIMO System Models
Some assumptions made for designing MIMO system are: (1) transmitter and
receiver has multiple transmit and receiving antennas, respectively, along with the
beamforming capabilities and, (2) transmitter antenna has ability to steer beam and
receiving antenna can receive all three component of wave from soil. Receiver has
ability to select and switch path using a selection method depending upon the strength
of received path at the receiver. It is also assumed that power is equally allocated to
all UG MIMO transmitters. Total power constraint is assumed to analyze the capacity
of the system. Next, zero-forcing (ZF) UG MIMO transceiver technique is explained
as below [36, 55, 72].
Contrary to over-the-air (OTA) MIMO methods, information about receiver
channel state is not necessary for ZF UG MIMO transceiver technique. It improves
the received signal strength by removing the interference between the components.
TR is the channel between the transmitter and receiver represented as a complex
number. The size of the channel is given as Nt ◊ Nr , where Nt is the number of
transmitter antenna and Nr is the number of receiving antenna. A total of k spatial
underground components are differentiated using w1 , . . . , wk . Each w is associated
with a component. Interference between the component is denoted by Nt ◊ Nr matrix
Ik . With equal power constraint, signal at the receiver is given as [7, 20]:
yk = wkú T Rfk xk + wkú Ik fi xi + wkú nk

(4.24)

where xk is the transmitted signal of the UG component k, nk is additive white
Gaussian noise (AWGN) vector, and wk and fk represents the transmit and receive
beamforming vectors.
Next, capacity maximization expression is evaluated for cases having low SNR
values. From equation 4.24, SINR at receiver for kth component is given as:
SIN Rk =

Soil Air Interface

wk fk fk ú T RT Rú wkú
wkú (Ik Ik ú fi fiú )wkú

(4.25)

Aboveground
• Node

Lateral Wave

Array Elements

Array Elements
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Array

Elements
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Fig. 4.10: UG MIMO Communication [41]: (a) Receive Beamforming, (b) Transmit
Beamforming
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The capacity of three UG components of EM waves is given as:
C=

3
ÿ

log2 (1 + SIN Rk )

(4.26)

k =1

Main objective of the technique is to improve gain and reduce inter-component
interference, therefore, only those beamforming vectors are considered which
comes under the lower bound capacity. Next, the method to completely remove the
inter-component interference will be presented. For every sensed wave component,
instantaneous SNR can be calculated as:
“i =

Eb | hi |2
,
N0

(4.27)

where i = Lateral direct and reﬂected components; | hi | is impulse response, and
Eb is energy per bit. In contrast to single antenna match ﬁlter-based, SNR can be
increased three times via maximum ratio combining (MRC) approach:
“=

3
ÿ
i=1

wi

Eb | hi |2
,
N0

(4.28)

where wi is the combining weight. Although SISO achieves the maximum gain,
however, interference due to reﬂected component is still present. Therefore, transmit
beamforming vectors are used to suppress unwanted interference. Hence, received
signal is represented as [7, 46]:
yk = wkú T Rfk xk + wkú Ik fi xi + wkú nk
yk =

wkú T Rfk xk
wú Ik fi xi
wkú nk
+ k
+
||T Rfi ||
||T Rfi ||
||T Rfi ||

(4.29)
(4.30)

It is important for MRC approach to satisfy the following equation via transmit
beamforming vector for complete removal of interference from equation 4.30
w1ú I1 fi = 0

(4.31)

UG MIMO adjusts the weights according to soil moisture, however, in addition
to the environment-aware weight adjustment, it also uses the feedback mechanism.
Feedback signals adjust the MIMO weights via array-gain feedback loops. The array
gain is maximized using the pilot signals. UG MIMO array at transmitter adjust its
parameter by receiving a pilot signal in receive mode. The transmitter channel state
is determined by varying the scan angles while transmitter is operating in receive
mode. Using the best statistics of SNR, parameters are adjusted with change in soil
moisture.
Far-ﬁeld power density for the identical element is calculated as follow [13, 43]:
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| E (◊, „) |2
,
(4.32)
120ﬁ
where E (◊, „) denotes the intensity of electric ﬁeld for each individual array and is
calculated as:
Ô
 
30
,
(4.33)
| E (◊, „) |= Pet Get
d
where Pet is the transmit power, Get is the transmit gain and d is the distance. Array
gain Ga is calculated by getting sum of E-ﬁeld contributions (Ea ) from all elements
[13, 38]. Therefore,
Pden =

Ga ( ◊ , „ ) =

d2 | Ea ’ (◊, „) |2
,
30
Pt

(4.34)

where ’ represents the element phase factor and
Ô
30 ÿ  
Pet Get .
Ea =
d n

(4.35)

Effective isotropic radiated power (EIRP) can be calculated as:
Prad = Gt Pt ,

(4.36)

where Pt is the power transmitted and Gt is the array gain. The far-ﬁeld power density
Pav is calculated as [8, 34]:
D
R
L
Pav = Pav
+ Pav
+ Pav
.

(4.37)

where D is the power density of direct component, R is the power density of reﬂected
component, and L is the power density of lateral component [147].
The received power is calculated by multiplying far-ﬁeld power density Pav and
antenna aperture (⁄2s /4ﬁ ). The received power is expressed as [8, 42, 53]:
Prd = Pt + 20log10 ⁄s ≠ 20log10 r1 ≠ 8.69–s r1 ≠ 22 + 10log10 Drl ,
Prr = Pt + 20log10 ⁄s ≠ 20log10 r2 ≠ 8.69–s r2 ≠ 20log10 G ≠ 22 + 10log10 Drl ,

PrL = Pt + 20log10 ⁄s ≠ 4log10 d ≠ 8.69–s (ht + hr ) + 20log10 T ≠ 22 + 10log10 Drl ,
(4.38)
where G is the reﬂection coe"cient, T is the transmission coe"cient [8], and ⁄s
denotes wavelength in the soil. The received power of an isotropic antenna is calculated
as [8]:
3
4
d
pr

r
pr

L
pr

Pr = 10log1 0 10 10 + 10 10 + 10 10

.

(4.39)
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4.5.2 Performance Analysis
This section analyze and evaluate the performance of UG MIMO model.
Transmit Beamforming: Transmit MMSE, MRT, and ZFBF beamforming
technique in [5] are used for the evaluation. Heuristic beamforming techniques, such
as ZFBF, MRT, transmit MMSE/regularized ZFBF/SLNR-MAX beamforming, and
the corresponding power allocation, is also based on the [5, 65]. UG impulse response
has been investigated with details in [52, 147]. Therefore, instead of generating a
random OTA channel, UG impulse response presented in [147] is used for UG MIMO
application. Fig. 4.11(b) shows a three-component model of the UG channel. SNR
values are considered in range of ≠10 dB to 30 dB. For each approach, channel
matrices are generated as a ﬁrst step of simulation. From these channel matrices, a
normalized beamforming matrices are calculated for each technique. UG MIMO is
evaluated for all three components of UG channel and the sum rate is computed for
all beamforming approaches.
Figs. 4.12 plots average sum rate with change in average SNR. Fig. 4.12(a), 4.12(b)
and 4.12(c) shows average sum rate for one (direct), two (direct and reﬂected) and
three (direct, lateral, and reﬂected) wave components, respectively. For single, there
is no effect of beamforming and all three approaches have same average sum rate
of 1.5 to 1.7. In case of two components, the sum rate increased from 1.6 to 3.1 at
average SNR of 10 dB. All three approaches have minor difference of 0.1 in average
sum rate at SNR of 0 dB. The difference between ZFBF and MMSE increases with
the increase in SNR, thus, MIMO UG shows better performance than ZFBF and
have improved power gains which is further shown in Fig. 4.12(c). In case of two
components, the sum rate increased from 3.1 to 6.6 at average SNR of 10 dB which
increased to 8.4 at average SNR of 30 dB. This high performance gain shows that UG
MIMO performs to its maximum when all three components are used for transmit
beamforming in underground environment
Receive Beamforming: To evaluate receive beamforming, a 16-element uniform
linear array with an inter-element distance of half wavelength and 300 MHz of
operational frequency is used. Path loss of UG communication increases with the
frequency, therefore, lower range of frequency spectrum is used to achieve long-range
communication. The three components of UG communication are shown in Fig.
4.11(a). The signal received at 10°-15° azimuth is the most powerful signal. The
direct wave is received from 90° azimuth, and reﬂected signal reaches the receiver at
45° azimuth. Fig. 4.11(c) shows a spatial spectrum of receive beamforming for all
components. The highest power gain is shown at 10° for lateral wave, second highest
is at 90° for direct wave, and third highest is at 45° for reﬂected waves [51].
Impact of soil-air interface: The separation between soil and air medium is
called soil-air interface. Both medium have different properties which causes waves
refraction. This phenomenon is also termed as beam squint [18, 20]. Beam squint
can cause an error of 5°-15°, depending on soil moisture and incidence angle at
interface. The velocity of wave is also affected by refraction which is corrected
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Fig. 4.11: (a) Three wave components in underground channel [147], (b) UG channel
model realization with direct, lateral, and reﬂected components, (c) Spatial spectrum
of the direct, lateral, and reﬂected components [41]
by angle adjustments and time delay (· ). Fig. 4.13(a) plots · with change in soil
moisture. It can be seen that · increases with the increase in soil moisture and
increasing depth further makes it worse. Fig. 4.13(b) shows the same plot but with
adjustments made in original phase. It can be observed that phase has to be adjusted
as per increase in soil moisture level and depth [24]. For each approach, channel
matrices are generated as a ﬁrst step of simulation. From these channel matrices, a
normalized beamforming matrices are calculated for each technique. UG MIMO is
evaluated for all three components of UG channel and the sum rate is computed for
all beamforming approaches [47].

4.6 Cross-layer Modulation: On the use of Soil Properties
UG channel model shows that communication in WUSNs is effected by various
environmental parameters such as seasonal change, soil type, tunnel size, soil
moisture variations, and antenna position/polarization. Therefore, it is important
to design environment-adaptive protocols for WUSNs. Moreover, physical layer is
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Fig. 4.12: Average sum rate v/s average SNR in UG MIMO [41]: (a) single-wave
component path, (b) two-wave component paths, (c) three-wave component paths
quite unpredictable and directly effect the quality of communication, therefore, for
better performance, environment-adaptive cross layer protocols are required. To that
end, a packet size optimization framework is presented for WUSNs [81]. The model
will use the empirical results towards improving underground channel model by
complete characterization of the UG channel. It will also identify the networking
related challenges in the underground environment, e.g., effects of soil on routing and
medium access control. A simulation module for an underground communication
will be given. This simulator will consist of rich and accurate models for underground
communication. the purpose is to provide motivation for developing more accurate
models for the UG communication.
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4.6.1 Cross-layer Protocol Design
As discussed earlier, WUSN communication is effected by dynamic environment
parameters. Therefore, a cross-layer design should be able to adapt to those
dynamically changing operating parameters to achieve e"cient system performance.
Fig. 4.14 shows that WUSN communication range is inversely proportional to the
soil moisture. The achievable distance decreases with the increase in soil moisture
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content. Although, the model gives a thorough idea of UG communication, however,
its effects on high-layer networking protocol are yet to be investigated.
There is a need of detailed empirical validation for the underground wireless channel.
To that end, ﬁeld experiments and software simulations are performed in a testbed
setting. The testbed have 50 tested wireless sensor nodes. This testbed is used to
develop a generic framework by evaluating following research issues:
4.6.1.1 Empirical Evaluations
In [27], authors have proposed an EM-based propagation model considering soil
dielectric properties [28]. The model is empirically tested for signal strength
of transmitting and receiving antenna, and packet loss rate in different testbeds
(experiment sites). Results from these experiments are used to propose a more general
channel model.
4.6.1.2 Medium Access Performance
Wireless communication medium is share by multiple nodes. In shared medium,
a node can experience interference from neighboring nodes sharing the medium.
Therefore, its is important to understand the difference between the communication
and interference by a node. For example, even if a node x is not able to communicate
with some other node y, its communication with other nodes may still effect the y
communication as an interference. To that end, [33, 65] investigates the performance
of multiple communicating sensors in presence of a controlled background tra"c.
4.6.1.3 Effects of Seasonal Changes
Weather changes directly effect the soil moisture and temperature, hence, causing the
communication performance to change. To that end, seasonal effects are evaluated for
a period of 12-months to study the effect of humidity, temperature, and precipitation
on communication performance [27].
4.6.1.4 Development of a Cross-layer Communication Software Module
Empirical results will be used to develop, modify and improve the communication
model to use the sensor information e"ciently. The communication parameters
such as signal strength, modulation scheme, route information and packet size, are
determined using the real-time information from the sensor [30, 46].
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4.6.2 Future Research Directions
WUSN paradigm can also be used for communication between underground and
above-ground (AG) nodes, e.g., sinks, relay nodes or control units. The underground
sensor node can send their data to some central location using AG nodes. Hence,
WUSN provides the combination of UG and AG communication. To that end,
communication characteristics of UG to AG communication can be further explored
for research purposes, e.g., difference in attenuation level of a signal in soil (UG)
and air (AG). Investigation of this area can result in better understanding and further
improvement of UG channel communication.

4.7 Medium Access in Wireless Underground Communications
Medium Access Control (MAC) is one of the important feature of wireless networks.
Wireless Underground Sensor Networks (WUSN) architecture is distributed where
each sensor attempts to communicate in a shared wireless channel [13]. Therefore,
to implement an optimized and e"cient WUSN, it is very important to improve the
sharing mechanism by improving MAC protocols for WUSNs [11, 50]. These MAC
protocols are analyzed by performing the underground-to-underground (UG2UG)
communication experiments and simulations. The analysis shows that the behavior
of communication parameters, e.g., interference and carrier ranges, is completely
different for underground then what it is in over-the-air (OTA). This signiﬁcant
difference results in increased contentions leading to large amount of packet collisions.
A model is developed to capture the effect of soil on the performance of medium access
in an attempt to propose a novel MAC solution for underground sensor networks
and eliminate possible shortcomings. Here, the MAC protocols for (WUSNs) are
described [13, 49, 52]. This section discusses the performance of different traditional
MAC protocols for underground environment, and study the feasibility of these
MAC protocols for underground space and identify shortcomings due to complex
communication medium [13].
4.7.0.1 Traditional Modulation Scheme
Modulation schemes such as Amplitude Shift Keying (ASK), Frequency Shift Keying
(FSK) and Phase Shift Keying (PSK) are studied in [82] for their effect on Bit Error
Rate (BER) [1]. Fig. 4.15(a) shows the plot between VWC and maximum inter-node
distance (with BER target of 10≠3 ) under various modulation schemes. It can be seen
that PSK achieves the largest communication range, therefore, PSK is selected for the
analysis [1].
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4.7.0.2 Operation Frequency and Deployment Depth
In Fig.4.15(b), path loss is plotted against the burial depth H at different operating
frequencies [1]. Path loss can be reduced by ﬁnding an optimal frequency at optimum
depth. This is an important fact in WUSN as the sensor deployment in WUSNs is
highly dependent upon the operating frequency of sensors [1]. Moreover, Fig.4.15(b)
shows that path loss becomes tends to become constant as the depth increases. Hence,
underground channel tends to become single-path channel with the increase in depth
and negligible reﬂection. Therefore, two-path channel should be considered for lower
depths [1].

4.8 Cost-Efficient Underground Deployment
A cost-e"cient deployment of sensor nodes is a challenge in WUSN paradigm and
needs to be addressed. While deploying sensors in 3-dimensional environments, it
is imperative to consider range and connectivity constraints. Communication range
is also depends upon the depth of sensor nodes, hence, deployment depth should
also be considered while analyzing the deployments strategies in WUSNs. Therefore,
UG deployment [1, 25, 59, 81] becomes an optimization problem using minimum
number of sensor nodes, with mentioned constraints, to achieve optimal performance
and need novel optimization programming methods from networking paradigm. It
is also important to consider the randomness of soil and weather conditions while
deploying network of UG nodes. Deploying deterministic optimization technique to
such random behaving network is a challenging task. Moreover, performance of base
stations also suffer from the effect of soil-air interface, hence, a separate optimization
model for base stations and an optimal routing protocol is also required for longer
lifetime of the network. As sensor nodes are buried in underground at different depths,
changing the battery of such sensors is also a challenging issue and needs to be
addressed e"ciently for longer life of network so that a certain level of performance
can be guaranteed. Following research issues are discussed under UG deployments:
• Deployment of sensors - The network connectivity depends upon the connectivity
of UG nodes between UG nodes and the sink nodes. The deployment
of over-the-air wireless nodes has extensively been studied, however, UG
development is yet to be explored. UG deployments is a NP-hard problem,
therefore, heuristics are used to determine the optimal deployment strategies.
Soil properties and effect of environmental changes are additional factors to
consider while deploying UG nodes. This is analyzed through sensitivity analysis
for development of more robust deployment strategies [34, 43].
• Deployment of the base stations - In UG networks, base stations are located
above-ground, therefore, attenuation of signal attenuation between two AG
nodes is different from that of between AG and a UG node due to different
communication medium. To that end, an optimization model is given for

162

4 Modulation Schemes and Connectivity in Wireless Underground Channel

3
2ASK envelope
2ASK coherence
2FSK non−coherence
2FSK coherence
2PSK&2DPSK coherence
2DPSK difference coherence

2.8

Max Distance(m)

2.6

2.4

2.2

2

1.8

1.6

5

10

15
Volumetric Water Content(%)

20

25

(a)

140
300MHz
400MHz
500MHz

130

600MHz
700MHz

Path Loss (dB)

120

110

100

90

80

0

0.2

0.4

0.6

0.8

1
1.2
Depth (m)

1.4

1.6

1.8

2

(b)

Fig. 4.15: (a) Maximum inter-node communication distance with variation in soil
moisture [1], (b)Path loss with depth variations in two-path channel model [1]
determining the optimal number of base stations to deploy along-with their
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optimal location. For multiple base station, deployment is modeled considering
that they will communicate with each other [28, 36].
• Routing policy - Finally, after network deployment, an optimal routing protocol
is determined. Randomness and uncertainty associated with the sensor lifetimes
requires a simulation modeling to determine how long a network can last using
a certain routing protocol. As all these parameters will be evaluated using
a simulation, a sampling error may also occur in measurement. To that end,
simulation optimization technique in [35, 53] will be used.

4.8.1 Simulation Results
To understand the effect of soil properties on wireless communication and underground
communication experiment is performed [59]. For this experiment, two sensors are
used which are buried at 40cm. Experiment is performed using the separation distance,
between both sensors, of 30cm and 40cm. Furthermore, to incorporate the effect of
environment, two types of soils are used for the experiment: dry soil and wet soil.
The soils are taken from the location where 2.5% of precipitation was registered [86]
giving the soil moisture of 11% for dry soil and 18% for wet soil. Fig. 4.16 plots
the received power with the transmitted power for the experiment. It can be seen the
received signal strength is 20 dB lower for the wet soil as compared to dry soil. It
results in twice the communication error rate signiﬁcantly effecting the higher layer
communication protocol.
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Fig. 4.17: The communication scenarios for underground transmitter and an
aboveground transmitter [62]
Figs. 4.17 shows the communication scenarios for underground transmitter and an
aboveground transmitter. The connectivity region of the UG transmitter consist of
both UG and AG components, however, communciaiton range is very short due to
high attenuation because of underground environment. On contrary, communication
range of AG transmitter is relatively large as compared to that of UG node. AG
range also consist of some nulls at the angles where UG signals get reﬂected. AG
communication range in WUSN is similar to that of traditional over-the-air (OTA)
wireless nodes. Short range of UG transmitter is mainly due to the fact that signals are
highly reﬂected when enters from a medium of a lower density, i.e., air, to a medium
of a higher density, i.e., soil [37, 42].
Most of the studies about network connectivity employ percolation theory, which
was started by the pioneering work of Gilbert. The basic idea about percolation is
that there is a critical density, ⁄c , such that when the node density is greater than ⁄c ,
there is a positive percolation probability that an arbitrary node belongs to a cluster of
inﬁnite size (supercritical phase); on the other hand, when the node density is smaller
than ⁄c , the percolation probability is zero (sub-critical phase) [47, 51].
Most of the literature, dealing with network connectivity utilize percolation theory,
which will be the foundation of my research too. In [16, 20], the function of base
station is similar to the above ground nodes in my WUSN consideration. According
to the author, for the inﬁnite 2-D plane, base station does not improve connectivity.
However, in the WUSN ﬁeld, it is ﬁnite, which I think will be more like the 2-D
strip case, thus the deployment of the above ground nodes may help improve network
connectivity.
The interference model in [15, 25, 27] shows if the connectivity of the network
needs be kept with the impact of the interference, the orthogonality factor “ needs
to be small. But, the conclusion is drawn under the assumption that the transmit
power of each node is the same. According to [30, 45], designed transmit power
assignment can be used to maintain network connectivity. The interference model in
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[31] is simpliﬁed to consider interfering nodes individually, which is not true in real
situation.
The unreliable link issue considered in [29, 65] is quite similar in WUSNs.
However, the modeling of the dynamic as a Markov on-off process is not suitable for
WUSNs, where the links are quite stable during short period but dramatically change
caused by soil moisture. This process may be modeled as several different networks
with different path loss function and transmit power. Thus, the connectivity of the
network may be modeled as a set of several different networks.

4.8.2 Efficient deployment for full connectivity of Ad-Hoc Networks
In this section, the possibility of deploying base stations to ensure connectivity
when the node density, ⁄, is small, is considered. The results show that because of
percolation there is no beneﬁt in terms of connectivity in the supercritical phase
and the beneﬁt remains marginal in the sub-critical phase, unless the node spatial
distribution is close to 1-dimensional [16, 50].
The transmission range of the nodes is modeled as a ball of radius r/2 and two
nodes are neighbors if their representing balls intersect. Thus, the communication
range is ﬁxed at r. This model can be easily transformed to a graph [49].
The authors ﬁrst consider the situation of a pure ad-hoc network for three
difference cases: 1-dimensional, 2-dimensional plane and 2-dimensional strip. For
the 1-dimensional case, they calculate the connectivity probability, Pc (x), of two
nodes at distance x and ﬁnd the bounds of the probability when x Ø 2r, which is
≠⁄r

(1 ≠ e⁄r )e⁄(x≠2r )e

≠ ⁄e≠⁄r
≠⁄r

Æ Pc (x) Æ (1 ≠ e≠⁄r )e≠⁄(x≠r )e

.

(4.40)

This leads to the conclusion that in one dimension, the network is almost surely (a.s.)
divided into an inﬁnite number of bounded clusters, between which no communication
is possible [52, 72].
For the 2-dimensional case, the percolation theory holds such that there is a
critical density ⁄c for the supercritical phase and a unique unbound cluster a.s. The
probability that an arbitrary node belongs to this unbound cluster is called percolation
probability ◊. We have Pc (x) Ø ◊2 and inf x>0 Pc (x) = ◊2 .
For the 2-dimensional trip with width d, percolation never occurs.

4.8.3 Topology Control Network Connectivity
The issue of topology control under the physical SINR model with the objective of
maximizing network capacity is studied in this section. The intention of adopting
the SINR model is that ﬁrst the interference in the resulting topology is likely to be
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high because the node degree does not capture interference adequately and second a
wireless link that exists in the communication graph may in practice not exist under
the physical model because of high interference[48].
In this section, a centralized approach (MaxSR) is proposed for topology control.
This approach consists two parts: T2P and P2T. T2P optimizes the assignment of
transmission power given a ﬁxed topology to minimize the average interference
degree, and P2T constructs, based on the power assignment, a new topology by
deriving a spanning tree that gives the minimal interference degree [55, 71].
In their model, the communication graph is deﬁned based on the received power
at the receiver without consideration of interference. Thus, a link (vi ,vj ) is said to
exist if and only if:
d–
i,j RXmin
pt ( i ) Ø
,
(4.41)
gi,j
where RXmin is the minimum received power requirement and gi,j is the path
gain. Moreover, the interference is considered individually in the works [24, 54].
Interference node is deﬁned such that the transmission of an interference node blocks
the transmission on link (vi ,vj ). In other words, node k is an interference node for
link (vi ,vj ) if
pt (i)d≠–
i,j
<—.
(4.42)
N + pt (k )d≠–
k,j
The interference degree of a link (vi ,vj ) is deﬁned as the number of interfering nodes
for (vi ,vj ). The authors argue that interference degree is a better index than node
degree in quantifying interference.
For Topology to Power assignment, and indicator function is employed to indicate
if a link can transmit and the function is smoothened by the sigmoid function. The
problem is then modeled as a linear programming problem. For Power assignment to
Topology, interference degree is ﬁrst calculated for each edge and exploited as the
weight of the edge. Then, an algorithm similar to the minimum spanning treealgorithm
is adopted to reconstruct the topology [32, 46]. Repeating those two algorithms
alternately, the power assignment and the topology will converge to the optimal
results.

4.9 Modeling the Effects of Interference
4.9.1 The Protocol Interference Model
Consider a pair of transmitter and receiver {Xi , XR(i) }, where Xi and XR(i)
denote a transmitting terminal and its corresponding receiving terminal, respectively.
Communication over link (Xi , XR(i) ) is successful if the distance between the
receiver XR(i) and any other terminal Xk transmitting on the same channel is larger
than the distance between Xi and XR(i) by a factor (1 + D), that is
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|Xk ≠ XR(i) | > (1 + D)|Xi ≠ XR(i) | .

(4.43)

4.9.2 The Physical Interference Model
Consider a pair of transmitter and receiver {Xi , XR(i) } with a transmit power
assignment Pi , the transmission is successful if the signal to interference plus noise
ration (SINR) at XR(i) is equal to or larger than a given threshold —, that is

N+

q

Pi
|Xi ≠XR(i) |÷

Pk
kœV ,k”=i |Xk ≠XR(i) |÷

Ø—,

(4.44)

where N is the additive noise power.

4.10 Connectivity in Underground Environement
The fundamental property of a wireless network is to maintain connectivity between
all network components (sensors and sinks) for proper functionality. However,
connectivity deﬁnition for terrestrial wireless channel and underground wireless
network are different. A terrestrial wireless network is considered connected, if
a sensor node is connected to at-least one sink using multi-hop connection [17]
Connectivity of a UG node can be deﬁned in terms of either mobile or ﬁxed AG sink
nodes. A UG wireless sensor network is considered connected if a UG sensors is
connected to at-least one ﬁxed AG sink node, or at-least one mobile AG sink node
once every maximum tolerable latency time t [78].
Connectivity analysis of a WUSN is much more complicated as compared to that
of terrestrial wireless network. WUSN framework is complicated as it consist of two
types of sensor nodes (UG and AG nodes), and three types of transmission links, i.e.,
underground-to-underground (UG2UG), underground-to-aboveground (UG2AG),
and aboveground-to-underground (AG2UG) links [2, 7, 68]. Among three links, the
transmission range of UG2UG is lowest due to soil [43, 77], transmission range of
UG2AG is highest as most of the signal travels through air. AG2UG is lower that
UG2AG because of reﬂection from soil-air interface [77]. Moreover, in WUSNs,
there is a trade-off between connectivity and latency.
A WUSN system consists of multiple sensor nodes for sensing data, and sink
nodes for collecting data from the sensor nodes. A sing sink node results in using
large numbers of UG nodes (high density) are required to achieve full connectivity.
However, high density of UG nodes increases the maintenance and deployment cost.
Therefore, high density of UG nodes is not recommended, instead, number of AG
nodes are increased [2, 7]. It is not recommended to deploy the AG nodes in ﬁeld
as it can effect the everyday operation of application where they are deployed, e.g.,

168

4 Modulation Schemes and Connectivity in Wireless Underground Channel

f1 : AG fixed Sink {S;}
0 : AG Mobile Sink {M ;}
• : UG Sensor {NJ

R 2 : Sensing Region

Fig. 4.18: WUSNs network topology [78] : Grey shaded region represents the range
of each node for connecting with the other node
big machinery in agriculture cannot be used with high number of AG nodes. This
constraint may cause the high density of sensor nodes on the border far from the ﬁeld.
To that end, AG nodes can be ﬁxed on a mobile machinery and sensors far from ﬁeld
can send their data to sinks when machinery comes to their transmission range.
There has been already work done in analyzing the connectivity ad-hoc networks.
For example, authors in [20], transmission ranges of nodes are scaled to get the
connectivity, and in [3] maximum connectivity probability is computed using node
density. Authors in [72] gives the simulation results to study the connectivity issues
in mobile ad-hoc network. In [17], authors studies the connectivity in wireless
network using single sink and [18] does it using multiple sinks. This section discusses
the probability of connectivity in multi-hop wireless network using multiple sinks,
environmental effect on connectivity and latency-connectivity trade-off in wireless
channel.

4.10.1 Channel Models
In [43], authors developed a WUSN channel model which is validated in [7, 77]. As
discussed in previous section, WUSN channel model consist of three channels. The
transmission of three channels are given below:
• UG-UG Channel - If power transmitted by the UG sensors is given by Ptu ,
receiver and transmitter antenna gains are gr and gt , respectively. The received
power is calculated as: PrU 2U = Ptu + gr + gt ≠ LU G≠U G , where LU G≠U G is
the path loss this channel. Similarly, the transmission range of UG-UG channel
is given as [78]:
RU G≠U G = max{d : PrU 2U /Pn > SN Rth },

(4.45)

4.10 Connectivity in Underground Environement

169

where d is the distance is the distance between sending and transmitting sensor,
noise is given as Pn , SNRth represents minimum signal-to-noise ratio for receiver.
• UG-AG Channel - For a total received power of PrU ≠A = Ptu + gr + gt ≠
LU G≠AG , the transmission range for UG-AG channel is given as [78]:
RU G≠AG ƒ max{dAG : PrU ≠A /Pn > SN Rth }

(4.46)

• AG-UG Channel - Similarly, for a total received power of
=
+ gr +
gt ≠ LAG≠U G , the transmission range for AG-UG channel is given as [78]:
PrA≠U

RAG≠U G ƒ max{d : PrA≠U /Pn > SN Rth }.

Pta

(4.47)

Network Model
Fig.4.18 shows the network topology used for the analysis. The network consists of
multiple UG sensor nodes and n ﬁxed AG nodes and m mobile AG nodes, carried
by some machinery, distributed in a WUSN region R2 where transmission range of
nodes is much less than the region R2 . There are two phases of communication: data
from UG sensors is collected in sensing phase (using UG2UG channel) and data from
sensing phase is reported to AG nodes in control phase (using UG2AG & AG2UG
channel).
Mobility Model
Mobile AG nodes are ﬁxed on equipment and ﬁeld machinery. The mobility of
machinery is modeled as random walk [13] and it’s probability distribution function
is given as follow:
1
P (t, (xt ,yt )) =
exp
2ﬁt‡ 2 /·

3

(xt ≠ x0 )2 + (yt ≠ y0 )2
≠
2t‡ 2 /·

4

(4.48)

where ‡ 2 is variance of the ﬂight duration and · is mean step time. A mobile AG
sink will be more active when the value for ‡ 2 is larger and · is smaller.

4.10.2 Lower & Upper Bound of the Connectivity Probability
Connectivity probability of a WUSN is dependent upon various dynamically changing
environmental and system factors. Therefore, connectivity in WUSN can be given as
a probability function. The lower bound on the probability function can be calculated
from two quantities: (1) lower bound on a probability sensor deployed at location
(xi ,yi )

(xi ,yi ) connects with the sink at (xj ,yi ), P (Ni

(xj ,yj )

≥ Sinkj

), in multi-hop
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manner and ﬁrst hit time of the random walk given in mobility model.The lower
bound of connectivity probability is given as follow [78]:
Pc Ø exp{⁄Sf ix ≠ ⁄SR2 + ⁄

⁄

[(1 ≠ F ) · Gm + 1 ≠ Gm ]dxi dyi }.

SR2 ≠S

f ix

(4.49)
where ⁄ is the UG sensor node density, ‡ 2 /· is the mobility of mobile sinks, SR2
is the area of region R2 , Sf ix is the area covered by ﬁxed sink node in R2 ,
Similarly, upper bound on probability of not having an isolated UG node in WUSN
is given as [78]:
2

Pc Æ exp{≠⁄ · e≠⁄ﬁRU G2U G · (SR2 ≠ Sf ix ) · H (m,RU G2AG , ‡ ≠2 /· , ts )}.
(4.50)
where RU G2AG , RU G2U G are the transmission ranges, and ts is the latency that
can be tolerated during sensing phase.

4.10.3 Performance Evaluation
From equations 4.49 and 4.50, it can be observed the lower and upper connectivity
probability bound of a WUSN is dependent upon various parameters. These bounds are
validated by performing a simulation experiment in [78]. The simulation parameters
are as follow: 12 ﬁxed and 10 mobile AG nodes are deployed in 100m ◊ 100 square
grid. Fixed AG nodes follow uniform distribution and deployed at the border (3 at
each corner), whereas mobile move as per random walk mode with ‡ 2 /· = 1m2 /s.
Tolerable latency in sensing and control phase are ts =30s and tc =20 min.
Transmitting power is 10 mW, receiving and transmitting antenna gains are 5 dB,
burial depth is kept 0.5 m and height of antenna at sink is 1 m. Soil moisture (VWC)
is kept at 10%, sand particle 50%, and clay is 15%. Each simulation is run for 500
times and results are averaged. The bounds are calculated using equations 4.49 and
4.50. Fig. 4.19 and 4.20shows the simulation results to study the effect of different
parameters on connectivity.
1. Soil Moisture - Fig. 4.19(a) shows the connectivity probability with UG sensor
density in wet (25% VWC) and dry soil (10% VWC). As the transmission range
decreases in wet soil due to high water content, the UG nodes in wet soil scenario
are doubled to get the equal connectivity probability. It can be seen that soil
moisture signiﬁcantly effect the connectivity of WUSN and due to continuous
dynamic change in soil moisture, connectivity status of WUSN also keeps in
changing.
2. Tolerable Latency - Fig. 4.19(b) shows the connectivity probability with latency
of the WUSN. With higher latency the connectivity of the WUSN increases. For
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Fig. 4.19: Simulation Results [78]: (a) Effect of Soil Moisture, (b) Latency Effect
this simulation, the latency was increased from 30 to 300. Therefore, there is a
trade-off between latency and WUSN connectivity.
3. Depth and Height - Fig. 4.20 shows the effect of UG node depth and AG antenna
height on connectivity probability of the WUSN. The depth of deployment
signiﬁcantly effect the UG2AG and AG2UG communication whereas height
effects the AG2UG communication only. It can be seen in Fig.4.20(a), during
sensing phase, that connectivity is signiﬁcantly lower for depth over 2.5m.
Conversely, connectivity probability increases with doubling the heoight in Fig.
4.20(b).
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